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It is generally assumed that influence of the red blood cells (RBCs) is predominant in blood 
rheology. The healthy RBCs are highly deformable and can thus easily squeeze through the smallest 
capillaries having internal diameter less than their characteristic size. On the other hand, RBCs 
infected by malaria or other diseases are stiffer and so less deformable. Thus it is harder for them to 
flow through the smallest capillaries. Therefore, it is very important to critically and realistically 
investigate the mechanical behavior of both healthy and infected RBCs which is a current gap in 
knowledge. The motion and the steady state deformed shape of the RBCs depend on many factors, 
such as the geometrical parameters of the capillary through which blood flows, the membrane 
bending stiffness and the mean velocity of the blood flow. In this study, motion and deformation of a 
single two-dimensional RBC in a stenosed capillary is explored by using smoothed particle 
hydrodynamics (SPH) method. An elastic spring network is used to model the RBC membrane, 
while the RBC’s inside fluid and outside fluid are treated as SPH particles. The effect of RBC’s 
membrane stiffness (kb), inlet pressure (P) and geometrical parameters of the capillary on the motion 
and deformation of the RBC is studied. The deformation index, RBC’s mean velocity and the cell 
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membrane energy are analyzed when the cell passes through the stenosed capillary. The simulation 
results demonstrate that the kb, P and the geometrical parameters of the capillary have a significant 
impact on the RBCs’ motion and deformation in the stenosed section. 
 
Keywords: Red Blood Cell (RBC); Smoothed Particle Hydrodynamics (SPH); Stenosed Capillary; 
Meshfree Methods; Microcirculation; Numerical Simulations. 
1. Introduction 
Red blood Cells (RBCs) are the most common type of the blood cell in the human blood 
and they occupy about 45% of total blood volume [Tsubota et al. (2006a), Skalak et al. 
(1989)]. Human RBCs consist of a thin viscoelastic membrane and they do not contain 
nuclei inside the cell. Due to the existence of the viscoelastic membrane, RBCs exhibit 
different types of motions and deformed shapes, when the blood flows within the 
cardiovascular network [Pozrikidis (2003), Fedosov et al. (2010)]. The motion and the 
deformation behavior of a RBC in a capillary highly depends on the maximum velocity 
of the blood flow, bending stiffness of the RBC membrane and the geometry of the 
capillary, through which the RBC flows [Shi et al. (2012)]. Over the last few decades, a 
number of numerical studies were conducted to understand the RBCs’ behavior in the 
capillaries [Ye et al. (2010), Tanaka and Takano (2005), Tsubota et al. (2006b)]. 
It is important to study the RBCs’ motion and deformation accurately, when they are 
squeezing through capillaries. Since, some diseases such as malaria, cancer, and sickle 
cell anemia can alter the deformability of the RBCs [Jiang et al. (2013)], they might not 
be able to deform enough to pass through the narrower capillaries. Further, if the blood 
vessel is stenosed, there is a high risk of micro vascular blockage, [Cooke et al. (2001)] 
which leads to stop the blood flow in that capillary. In the past, most of the studies were 
carried out to investigate the RBCs’ behavior in the microchannels with uniform cross 
sectional areas [Tsubota et al. (2006b), Pan and Wang (2009)] and very few numbers of 
studies have been conducted to explore the RBCs’ motion and deformation behavior in 
stenosed capillaries. Li-Guo et al. employed coarse-grained molecular dynamics 
simulations to obtain the equilibrium shape of the RBC [Li-Guo et al. (2010)]They 
revealed that the RBCs become flatter with the longer persistence lengths and it leads to 
increase the deformability of the RBCs [Li-Guo et al. (2010)]. Hosseini and Feng [2009] 
have presented the RBCs’ ability of squeezing through a tiny capillary, whose diameter is 
smaller than the mean diameter of the RBCs. They used the SPH method and modeled 
the microchannel, such that it has a larger uniform diameter at the inlet and a smaller 
uniform diameter at the outlet. Vahidkhah and Fatouraee [2012] proposed a immersed 
boundary–lattice Boltzmann method to investigate the RBCs’ behavior in a stenosed 
arteriole. However, they presented more qualitative results of the RBCs’ deformation in a 
stenosed arteriole. Only a few numbers of studies have been conducted to investigate the 
behavior of the RBCs in stenosed capillaries Therefore, it is important to analyze the 
motion and deformation of the RBCs in stenosed capillaries comprehensively to 
understand their behavior. 
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The purpose of this study is to present an advanced numerical modeling technique 
using SPH to quantitatively analyze the motion and deformation of a single RBC through 
a stenosed capillary. The RBC membrane is modeled by a spring network and the forces 
acting on the RBC membrane are determined based on the minimum energy principle 
[Tsubota et al. (2006b), Pan and Wang (2009), Polwaththe-Gallage et al. (2012)]. First, 
we present the motion and deformation of a RBC in a stenosed capillary. Then, we reveal 
the effect of the RBC’s membrane stiffness (kb), inlet pressure (P) and geometrical 
parameters of the capillary (capillary diameter and the diameter of the stenosed section) 
on the motion and deformation of the RBC. 
2. Model and method 
A two dimensional spring network [Polwaththe-Gallage et al. (2014)] is used to model 
the membrane of the RBC. The RBC membrane is discretized into 88 mass points 
[Polwaththe-Gallage et al. (2014)] and neighboring mass points are interconnected by the 
same number of elastic springs. In order to obtain a stable RBC membrane shape total 
energy of the RBC membrane is considered. The elastic energy stored in the springs due 
to stretching/compression (El) and bending (Eb) are considered by 
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where li l0 and θi are the present length of the ith spring, original length of the same spring 
and the angle between two consecutive springs respectively while Kl, and Kb, are the 
spring constants for stretching/compression and bending respectively. Here, N is the 
number of springs, which is equal to 88. In addition to that, an energy penalty function 
[Polwaththe-Gallage et al. (2014)] is used to maintain a constant equivalent RBC 
membrane area (se). The Rheological properties of the RBCs can be measured 
experimentally using several ways such as Micropipette aspiration, electric field 
deformation and optical tweezers. The bending modulus of the blood cell can be 
measured by diffraction phase microscopy [Park et al. (2010)] thereby the relevant spring 
constant for the bending (Kb) can be calculated. Spring constants for 
stretching/compression (Kl) can be calculated using the Young modulus of the RBC. The 
typical biconcave shape is obtained, when the total energy of the RBC membrane is 
minimized. This shape is then used to simulate the motion and deformation of the RBC. 
The inside and outside of the RBC membrane is discretized into a finite number of 
particles, to represent hemoglobin and plasma respectively, and they are treated by SPH 
method [Polwaththe-Gallage et al. (2014)]. 
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3. Simulation results and discussion 
To numerically validate the present RBC model, simulation results of previously 
validated model [Kaoui et al. (2011)] is used. In [Kaoui et al. (2011)], they have 
presented the steady state inclination angle for different reduction of area in RBC, when 
the RBC is subjected to a shear flow. The shape of the RBC membrane can be directly 
changed, by changing the equivalent area (se) of the RBC membrane. The reduced area 
(s*) is equal to se/s, where s is the area of the initial circle. When the reduced area is 
increased, RBC membrane gives more circular shape. Four shapes for different reduced 
areas (s*=0.6, 0.7, 0.8 and 0.9) are considered and the relevant RBC membrane shapes 
are obtained (see Fig. 1). 
 
 
 
 
Fig. 1.  Equilibrium RBC membrane shape for different reduced areas
Then, the RBC behavior is simulated under a simple shear flow. The time step is set to 
1×10-9 s. The dynamic viscosity of plasma, hemoglobin and RBC particles is assumed to 
be 1×10-3 Pa.s and other simulation parameters are given in  
Table 1. The equilibrium inclination angles for four shapes were compared with the 
previously published results [Kaoui et al. (2011)]. Our simulation results show a good 
agreement with previous results as shown in Fig. 2 with less than 5% difference. 
 
  
Fig. 2.  Equilibrium inclination angle of RBC for different reduced areas 
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Table 1.  Simulation parameters 
Parameter Definition Value Reference 
kl Spring constant for stretching/compression 5×10-8 Nm [Pan and Wang (2009) 
kb Spring constant for bending 5×10-10 Nm [Pan and Wang (2009)] 
ks Areal constant for incompressibility 1×10-5 Nm [Shi et al. (2012)] 
ρrbc Density of RBC membrane 1098 kg/m3 [Sun and Munn (2005)] 
ρplasma Density of plasma 1025 kg/m3 [Frcitas (1998)] 
ρcytoplasm Density of cytoplasm 1050 kg/m3 [Le et al. (2009)] 
3.1.  Deformation behavior of the RBC in the stenosed capillary  
The motion and deformation of the RBC is examined, when it passes through a stenosed 
capillary. The capillary wall is constructed by a set of wall particles as shown in Fig. 3. 
The inlet and outlet diameters (di and d0 respectively) are set to 9.6 µm, while the 
minimum diameter of the stenosed area (dc) is set to 5.6 µm. The total length of the 
capillary (l1) is 40 µm and the horizontal distance from the RBC’s center to the inlet 
boundary and narrowest part of the stenosed section (l2 and l3 in that order) are 4.9 µm 
and 15 µm respectively. The inlet pressure is set to 500 Pa, while the outlet pressure is set 
to zero. The pressure is then converted into the body forces and applied on the plasma 
particles. Periodic boundary conditions are applied to the inlet and the outlet of the 
capillary and repulsive forces are applied to the fluid particles to avoid the penetration of 
fluid particles trough solid walls [Polwaththe-Gallage et al. (2014)]. Due to that applied 
body forces the plasma particles starts to move and they create an additional pressure on 
the RBC. Therefore, gradually the RBC begins to accelerate. 
 
 
Fig. 3.  Initial particle distribution of the problem domain; red filled particles represent RBC membrane, black 
filled particles represent capillary wall, blue particles represent cytoplasm and green particles represent plasma 
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When the cell advances in the capillary it deforms from its initial biconcave shape to the 
parachute shape. During its motion through the stenosed capillary (from t=0.2 ms to 
t=0.375 ms) it exhibits the maximum deformation when it flows through the stenosed 
area. However, once it leaves the stenosed section, it recovers its typical deformed 
parachute shape (see Fig. 4). The mean velocity of the RBC also reaches its maximum 
value, when the cell passes through the stenosed area (see Fig. 5). Since blood flow rate 
is a constant in a capillary for a given pressure, flow velocity increases, when the flow 
area reduces. Similarly, the flow velocity of plasma including blood cells increases, when 
they are flowing though narrower sections of the capillaries. The velocity streamlines of 
the whole flow field proves that the velocity of the flow is higher at the stenosed area (see 
Fig. 6).  
 
Fig. 4.  Deformation of the RBC shape in the stenosed capillary at t= 0, 0.075, 0.15, 0.225, 0.3, 0.375, 0.45, 
0.525 and 0.6ms 
 
 
Fig. 5.  Variation of the RBC’s mean velocity with time in a stenosed capillary 
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Fig. 6.  Velocity Streamlines of the whole flow field at t=0.265 ms 
 
We simulated the plasma flow without any RBC within the flow under the same 
simulation conditions. In that simulation, it is found that the velocity of the plasma flow 
shows the highest value about 0.13 m/s within the stenosed area (see Fig. 7). However, 
this value is greater than the peak mean velocity of the RBC. Further, we compared the 
peak mean velocities of plasma flow with a single RBC when they flow through a 
uniform capillary and a stenosed capillary (see Fig. 7). Here, we analyzed the flow 
domain, closer to the RBC and the flow field shows a blunt velocity profile. However, 
plasma particles located far away from the RBC shows a less blunt parabolic velocity 
profile. The simulation results reveal that the maximum mean velocity of the RBC in a 
uniform capillary is significantly greater than that value of the RBC when it flows 
through a stenosed capillary (see Fig. 7). When the RBCs or stenosed sections exist in the 
capillary, they act as barriers to the plasma flow and as a result velocity of the plasma 
flow reduces. However, plasma will flow at a higher velocity when there are no stenosed 
areas and also no RBCs in the flow.  
 
Fig. 7.  Velocity profile of the flow field for different conditions 
 
The energy related with the bending deformation (Eb) is a direct measurement of RBC’s 
bending deformation and it shows a maximum value about 2.07× 10-10 J at t=0.275 ms, at 
which time the RBC passes though the stenosed area (see Fig. 8). During this time 
period, the energy related to stretching/compression (El) shows a slight increase as well, 
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which contributes to increase the total energy (Etotal) to about 2.3× 10-10 J. After 
approximately 0.45 ms energy related to bending (Eb) or stretching/compression (El) does 
not show any variation with the time. It confirms that the cell has gained a stable shape in 
energy-wise. For whole simulation time the energy related to the penalty function (Es) 
almost remains at zero, as a result of the incompressibility of the RBC membrane.  
 
 
However, we can employ the deformation index (DI1) to quantify the deformation of the 
RBC, since it is directly related to the morphology of the RBC. Here, the DI1 is the ratio 
between the measured maximum lengths of the RBC in x-direction to y-direction (see 
Fig. 9 and Eq. (3)). The calculated DI1 shows a gradual growth with time and it reaches 
its maximum value (1.31) at t=0.275 ms (see Fig. 10). The variation of DI1 with time 
follows a similar trend as change in bending energy with time up to t=0.45 ms. However, 
the calculated DI1 shows a continuous increase even after t=0.45ms. On the other hand, 
bending energy does not show any significant change with time after t=0.45ms (see 
Fig. 8). We analyzed the deformed shape after t=0.45ms and discovered that the 
deformed RBC shape does not show fully symmetrical shape. Therefore we modified the 
deformation index (DI2) as given by Eq. (4) 
 
Fig. 9.  Deformed parachute shape of the RBC  
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Fig. 8.  Variation of energy of the RBC membrane with time 
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The calculated modified deformation index shows very similar trend as change in 
bending energy with time (see Fig. 10) DI2 does not change with time, after the RBC 
leave the stenosed area. Therefore, it can be concluded that the modified deformation 
index predicts the amount of deformation more accurately, compared with the 
conventional deformation index. For the latter part of the study, we employ the modified 
deformation index (DI2) for more sensible comparisons. 
 
 
Fig. 10.  Variation of conventional deformation index and modified deformation index with time 
 
3.2.  Effect of the membrane bending stiffness on the deformation behavior  
The effect of the membrane bending stiffness on the deformation behavior of the RBC is 
studied. Malaria parasites increase the bending stiffness of the RBCs and it results to 
decrease the deformability of the RBCs. It has been found that the bending stiffness of 
the RBCs increases about times, when they are infected by the malaria [Hosseini and 
Feng (2009)]. Further, it is found that the deformability of the cancer cells are higher than 
the healthy matured cells [Hou et al. (2009)]. We have changed the Kb value from 
Kb=5×10-10 Nm (Kb=Kb) to 1×10-10 Nm (Kb=0.2Kb) Kb= 25×10-10 Nm (Kb=5Kb), 50×10-
10 Nm (Kb=10Kb), 75×10-10 Nm (Kb=15Kb), 100×10-10 Nm and (Kb=20Kb). All the other 
parameters are set as described earlier. Simulation results reveal that the DI2 of the RBC 
decreases with the membrane bending stiffness value (see Fig. 11). When the membrane 
bending stiffness is less than its typical value (when Kb=0.2Kb) the RBC does not show 
any considerable change in the deformed shape (see Fig. 12 and Fig. 13). However, local 
deformation of the membrane is predicted (see Fig. 12 at t= 0.36 and 0.42 ms). The 
deformed shape of the RBC exhibit more rounder shape for the higher Kb values when it 
flows through the narrowest region of the capillary (see Fig. 14, Fig. 15, Fig. 16 and 
Fig. 17). Furthermore, their thicknes at the top and bottom is higher.  
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Fig. 11.  Variation of the modified deformation index with RBC’s position for different Kb values 
 
 
Fig. 12.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66 and 
0.72 ms for Kb =1×10-10 Nm (Kb=0.2Kb)  
 
 
Fig. 13.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66 and 
0.72 ms for Kb =5×10-10 Nm (Kb=Kb)  
 
 
Fig. 14.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66 and 
0.72 ms for Kb =25×10-10 Nm (Kb=5Kb)  
 
 
Fig. 15.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66, 0.72, 0.780 
and 0.840 ms for Kb =50×10-10 Nm (Kb=10Kb)  
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Fig. 16.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66, 0.72, 0.780 
and 0.840 ms for Kb =75×10-10 Nm (Kb=15Kb)  
 
 
Fig. 17.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66, 0.72, 0.780 
and 0.840 ms for Kb =100×10-10 Nm (Kb=20Kb)  
In addition, the RBCs with higher membrane bending stiffness values exhibit more 
rounded deformed shape, when they reach further downstream of the capillary (see 
Fig. 15, Fig. 16 and Fig. 17). The variation of the mean velocity of the RBC does not 
show any significant change when the Kb value of the RBC is changed (see Fig. 18). 
However, we caluclated the total time to reach the outlet of the capillary for each RBC 
and observed that the total time taken by the RBC to reach the outlet of the capillary 
increases with the Kb value (see Fig. 19). Therefore, when the number of stiffed RBCs 
(with higher Kb value) in the blood increases, it will slow down the blood flow rate. 
Furthermore, RBCs demonstrate same deformation behaviour before it enters into the 
stenosed region. As it can be seen from Fig. 12 to Fig. 17 at t= 0.24 ms, the deformed 
shape of the RBC for all the bending stiffness values are nearly the same and the mean 
velocity of the of the RBC are also approximately the same. However, after the stenosed 
area they show significant variation in the deformed shape and the variation in the mean 
velocity of the cells are higher (see Fig. 18). 
 
 
Fig. 18.  Variation of the RBC’s mean velocity with its position for different Kb values 
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Fig. 19.  Variation of the elapsed time to reach the capillary outlet for different RBC’s membrane Kb values 
 
3.3.  Effect of the inlet pressure on the deformation behavior  
At this time, we investigate the effect of the inlet pressure on the motion and deformation 
behavior of the RBC. We employed five different inlet pressure values; 100 Pa, 200 Pa, 
300 Pa, 400 Pa and 500 Pa for the capillary. All the other parameters are set as described 
earlier. The mean velocity of the RBC increases almost proportionally with the inlet 
pressure and it shows its maximum value when the RBC passes through the narrowest 
section of the capillary (see Fig. 20). Further, the modified deformation Index (DI2) of the 
RBC is compared above mentioned pressure values. However, the results do not show 
any significant variation or describable trend as can be seen in Fig. 21. However, we 
analyzed the RBC’s membrane bending energy for each case and found that the RBC’s 
membrane bending energy increases with the inlet pressure of the capillary (see Fig. 22). 
It can be clearly seen from Fig. 22 that the bending deformation of the RBC initiates 
quickly and faster when the inlet pressure is higher. When the RBC passes through the 
stenosed section of the capillary with the inlet pressure of 500 Pa, blood cell gains the 
maximum bending energy. Moreover, after leaving the stenosed area the bending energy 
of the RBC is still higher compared with the other RBCs move though the capillaries 
with lower inlet pressures (i.e. 100 Pa, 200 Pa, 300 Pa and 400 Pa). Since the membrane 
bending energy is a direct measurement to quantify the amount of bending deformation 
of a RBC, it can be stated that the bending deformation of the RBC increases with the 
capillary inlet pressure. Therefore, the DI is not a fine indicator to measure and compare 
the amount of bending deformation of the RBCs. Especially, when they show asymmetric 
behaviors, this measurement does not exhibit the exact nature of the deformed RBC. 
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Fig. 20.  Variation of RBC’s mean velocity with RBC’s position for different inlet pressures 
 
 
Fig. 21.  Variation of modified deformation index with RBC’s position for different inlet pressures 
 
Fig. 22.  Variation of the RBC’s membrane bending energy with RBC’s position for different inlet pressures 
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The effect of the capillary diameter on the motion and deformation behavior is 
investigated. In this study we employed seven different capillary inlet diameter values 
(di) as 8.0 µm, 7.0 µm, 6.0 µm, 5.4 µm, 4.8 µm, 4.2 µm and 4.0 µm for the capillary (see 
Fig. 23). The capillary outlet diameter value is set same as the inlet diameter (do) while 
the minimum diameter of the stenosed section of the capillary (dc) is kept as 5.6 µm for 
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14 
all the simulations. The inlet and outlet pressures are set to 400 Pa and zero respectively 
while, all the other parameters are unchanged. 
 
 
Fig. 23.  Capillary geometry for different diameter values when diameter in the stenosed section is 5.6 µm 
 
The variation of the deformation indices (DIs) for different capillary diameters 
demonstrates same trend as DIs are maximized when the RBC passes through the 
stenosed section of the capillary. When RBCs flows through narrower capillaries they 
initiate to deform quickly compared to the wider capillaries (see the Fig. 24 x=0 to 
x=4 µm). However, when the cells (RBCs, in narrower capillaries) pass though the 
stenosed area, they show smaller DIs. It confirms that even though the minimum 
diameter of each stenosed section are the same, the overall diameter have an impact on 
the deformation of the RBC. Interestingly, when the RBC advances further and when 
they leave the stenosed region, the DI of the RBCs in narrower capillaries are higher 
compared to the wider capillaries  
 
Fig. 24.  Variation of modifies deformation index with RBC’s position for stenosed capillaries with different 
diameters 
 
Furthermore, examination shows that the maximum DI of the RBC increases with the 
capillary diameter, when it passes through the stenosed section and it reaches a peak 
steady value about 1.51 (see Fig. 25), when the capillary diameter is 7.0 µm  
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Fig. 25.  Variation of maximum deformation index in the stenosed region for the capillaries with different 
diameters 
 
The mean velocity of the RBC shows its highest value about 0.085 m/s when the RBC 
moving though the stenosed section of the capillary with di=d0=8.0 µm. However, mean 
velocities do not show significant variation, before and after the stenosed area (see 
Fig. 26). Especially, after the stenosed section the mean velocities of the RBC are almost 
the same. 
 
 
Fig. 26.  Variation of RBC’s mean velocity with RBC’s position for stenosed capillaries with different 
diameters 
3.5.  Effect of the diameter at stenosed region on the deformation behavior  
We studied the effect of the minimum diameter of the stenosed section (dc) on the 
deformation behavior of RBCs. We used six dc values (see Fig. 27); while maintaining 
other parameters constant. 
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Fig. 27.  Capillary geometry for different stenosed diameter values in the stenosed section with constant inlet 
and outlet diameters 
Simulation results reveal that the RBC in the capillary with the stenosed diameter of 
7.2 µm (which is the least stenosed) shows almost fully symmetrical deformed shapes 
throughout its whole motion in the capillary (see Fig. 28). Interestingly, RBCs, moving in 
stenosed capillaries with minimum stenosed diameter of 6.4 µm and 5.6 µm, (see Fig. 29 
and Fig. 30) demonstrate more asymmetric shape, when they get closer to the outlet. 
However, the RBC in the capillary with stenosed diameter of 4.8 µm shows fully 
symmetrical deformed shape except in the stenosed region (see Fig. 31). Further 
simulations reveal that the RBC can even squeeze through a stenosed capillary with the 
minimum diameter of 3.2 µm. The RBC shows an extreme deformation and it produces a 
very complicated asymmetric deformed shape as shown in Fig. 32 and Fig. 33, when it 
leaves the stenosed area. Further, it exhibits slipper-like shape after leaving the stenosed 
area. 
 
 
Fig. 28.  Deformed RBC shape at t= 0, 0.04, 0.08, 0.12, 0.16, 0.20, 0.24, 0.28, 0.32, 0.36, 0.40, 0.44, 0.48 and 
0.52 ms for the stenosed diameter of 7.2 µm  
  
Fig. 29.  Deformed RBC shape at t= 0, 0.05, 0.10, 0.15, 0.20, 0.25, 0.30, 0.35, 0.40, 0.45, 0.50, 0.55 and 
0.60 ms for the stenosed diameter of 6.4 µm  
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Fig. 30.  Deformed RBC shape at t= 0, 0.06, 0.12, 0.18, 0.24, 0.30, 0.36, 0.42, 0.48, 0.54, 0.60, 0.66 and 
0.72 ms for the stenosed diameter of 5.6 µm  
 
 
Fig. 31.  Deformed RBC shape at t= 0, 0.08, 0.16, 0.24, 0.32, 0.40, 0.48, 0.56, 0.64, 0.72, 0.80, 0.88 and 
0.96 ms for the stenosed diameter of 4.8 µm  
 
 
Fig. 32.  Deformed RBC shape at t= 0, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2, 1.3 and 1.4 ms for 
the stenosed diameter of 4.0 µm  
 
 
Fig. 33.  Deformed RBC shape at t= 0, 0.2, 0.4, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6, 1.8, 2.0, 2.2, and 2.4 ms for the 
stenosed diameter of 3.2 µm  
The mean velocity of the RBC reduces with the severity of the stenosis. For example, 
when the stenosed diameter is high (3.2 µm), which is highly stenosed capillary; the RBC 
gains the lowest mean velocity (see Fig. 34). Moreover, all the RBCs have reached 
almost the same DI after the stenosed area (see Fig. 35). However, the DI of RBC in the 
capillary with stenosed diameter of 3.2 µm exhibits increase, when it advances after the 
stenosed area. This might be due to the asymmetrical shape of the deformed RBC. 
H.N.P. Gallage et al.  
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Fig. 34.  Variation of RBC’s mean velocity with RBC’s position for stenosed capillaries with different stenosed 
diameters 
 
 
Fig. 35.  Variation of RBC’s deformation index with RBC’s position for stenosed capillaries with different 
stenosed diameters 
4. Conclusions 
A two-dimensional spring network model is used in combination with the SPH method to 
simulate the motion and deformation of a single RBC in a stenosed capillary. From this 
study, the below conclusions are drawn.  
  The overall blood flow rate in capillaries reduces when the capillary is stenosed 
and RBC moves at its highest mean velocity when it passes through the 
narrowest section of the capillary.  
 When the RBCs are passing through the stenosed sections of the capillary the 
RBC membrane is not only bending, but also stretching.  
 The deformation index is not a sensible measurement to accurately quantify the 
amount of deformation of a RBC, when they show asymmetric behaviors in the 
blood flow.  
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 The membrane bending stiffness has a direct impact on the RBC’s mean 
velocity and mean velocity of the RBC decreases when the membrane bending 
stiffness increases. RBCs show significant variation in the deformed shape when 
their membrane bending stiffness is changed.  
 The deformation of the RBC increases for a given pressure, when the inlet 
diameter of the capillary increases. Similarly the mean velocity of the RBC 
increases with inlet diameter of the capillary.  
 RBCs can even pass through the stenosed capillaries with minimum diameter of 
3.2µm and they show highly asymmetrical deformed shapes when they are 
flowing through narrower sections. We also revealed that further reduction of 
the stenosis blocks the RBC.  
Furthermore, in this study, we observed a number of asymmetrical behaviors of the RBC. 
Therefore, it is essential to carry out three-dimensional study to investigate more precise 
behaviors of the RBCs which is our future study.  
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